Process improvement for the Eastman Kodak automated paint line using design of experiments by Traynor, Suzanne




Process improvement for the Eastman Kodak
automated paint line using design of experiments
Suzanne Traynor
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Traynor, Suzanne, "Process improvement for the Eastman Kodak automated paint line using design of experiments" (1998). Thesis.
Rochester Institute of Technology. Accessed from
Process Improvement for the Eastman























Department of Mechanical Engineering
College of Engineering
Rochester Institute of Technology
Tuesday, May 19, 1998
Thesis Reproduction Permission Statement
Thesis Title: Process Improvement for the Eastman Kodak Automated Paint
Line Using Design of Experiments
I, Suzanne E. Traynor, hereby grant permission to the Wallace Library of the
Rochester Institute of Technology to reproduce my thesis in whole or part. Any
reproduction will not be for commercial use or profit.
Signature of Author: _
Abstract
Design of experiments (DOE) is a systematic approach used to improve
quality, increase profits, and decrease defects in a process in a cost effective
and efficient manner. A DOE is important for getting a better understanding of
the process and a better part to the customer.
A DOE has been applied toward improving the electrodeposition process
in Eastman Kodak's automated paint line (APL). A two level factorial model has
been used as a screening design to help identify the important factors. The
design was essentially broken up into sixteen small designs to account for
different process parameters and different responses. To represent the different
types of material and different shapes of the parts that are run through the
process, the experiments looked at samples of straight stainless steel, straight
aluminum, bent stainless steel and bent aluminum parts. The responses studied
were the visual appearance, gloss, roughness and film thickness of the samples.
The factors run in the screening experiments were chosen through the
knowledge and the background information on the process provided by experts.
The results were analyzed statistically and conclusions were made about
the process. The best models were looked at more closely to determine which
factors are truly important. Finally, recommendations for process improvements
and for future studies were given to Eastman Kodak regarding the
electrodeposition process.
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Executive Summary
GOAL: To improve the quality of output and decrease costs on the Eastman
Kodak electrodeposition process.
OBJECTIVE: To test the hypothesis that the film thickness, roughness, visual
appearance, and gloss of the paint coatings from the electrodeposition process
are principally functions of the fluoride concentration, voltage, and pigment to
binder (p/b) ratio and to determine which factors are significant using a screening
design of experiment. To take into account different metal types and different
shapes, the study was broken into four sections, straight stainless steel parts,
bent stainless steel parts, straight aluminum parts and bent aluminum parts.
RESULTS:
1) In the experiments regarding the straight stainless steel parts, none of the
factors have a significant effect on the roughness or the gloss response. The p/b
ratio, the interaction between fluoride and voltage, and the interaction between
p/b ratio and voltage significantly affect the film thickness and the results of the
visual inspection are most affected by the voltage.
2) For the straight aluminum parts, the p/b ratio and the voltage affect the
roughness. The interaction between fluoride and p/b ratio and the interaction
between p/b ratio and voltage have a significant affect on the film thickness.
None of the factors have an effect on the gloss or the visual readings.
3) The bent stainless steel experiments yielded results showing that none of the
factors have an effect on the roughness, the gloss, or the visual responses. The
interaction between p/b ratio and voltage and the three-factor interaction have a
significant affect on the film thickness.
4) The gloss and visual appearance are not significantly affected by any of the
factors in the experiments pertaining to the bent aluminum parts. However, the
roughness is affected by the interaction between p/b ratio and voltage and the
fluoride, p/b ratio, and the interaction between p/b ratio and voltage significantly
affect the film thickness.
CONCLUSIONS: The results indicate that the model for film thickness gives the
best prediction for straight stainless steel parts. For straight aluminum parts, the
roughness response gave the best model, but the film thickness still gave a good
model when looking at the standard error. The film thickness also provides the
best model for both the bent stainless steel and the bent aluminum parts. Based
upon experimental data, optimal levels for the factors were determined and are
shown in Table 9. It is noted that the optimal levels are different, therefore the
paint quality will vary, depending on the type of metal and the different shapes of
the parts. The failure of the visual response to provide a reliable model may be
attributed to the fact that a subjective ranking system was used for taking data.
If a quantitative measurement had been used, the results may have been more
reliable. Limiting the ranges of the experiments to the specification limits also
may have caused some error in the results.
RECOMMENDATIONS: Due to the variation in results based on the shape and
metal type of the parts, individual analysis is recommended for parts that are run
at high volumes to ensure optimal results. The film thickness and roughness
responses should be concentrated on, with care taken to run the underlying
factors beyond their specification limits. It is also recommended that fluoride




This thesis discusses the design and analysis of an experiment for the
purpose of improving the Eastman Kodak electrodeposition process on the
automated paint line (APL). The advantages to using the design of experiments
(DOE) methodology and comparisons to other experimental methods are given.
The generalized steps for carrying out a DOE are presented. Basic principles
and definitions are provided to help the reader understand the electrodeposition
process and the APL. A DOE is performed and analyzed on the
electrodeposition process following this generalized format. Finally, conclusions
and recommendations are given to help improve the quality of the process.
II. Background
This section provides information needed to understand the DOE process
and background on the Eastman Kodak electrodeposition process.
A. Description of Design of Experiments
Two books,
Barker1
and Montgomery2, provide a thorough background on
the process of designing an experiment and are both referenced throughout the
following section.
An experiment, for the purpose of this work, can be described as a
coherent test, or set of tests, in which changes are made to the input variables of
a process and the resulting output responses are monitored. These results are
then analyzed so changes in the output response can be related to changes in
the input variables.
Experiments are important for getting a better understanding of a process
and a better product to the customer. They should be designed to obtain
maximum efficiency. This means that they should derive the required
information with the least expenditure of resources.
The DOE process allows us to do this in a very organized and rigorous
manner. Most processes are affected by several factors. The experimenter will
want to determine the influence these factors have on the response of the
system and on each other. Designing an experiment allows you to gather the
important information first and do the experiment using as few resources as
possible to get the information needed.
There are several experimental strategies that can be used. The best-
guess approach is a frequently used method of experimentation by scientists
and engineers. In this approach, the experimenter may notice that one factor
has an affect on the response and decide to change that one factor for the next
run. They continue this until they reach a response with which they are pleased.
This could continue for a long time without success. This could also result in the
experimenter stopping for an acceptable result that may not be the best result.
Another method is to study more than one factor, but change only one
factor at a time. In this method, the experimenter selects a baseline for each
factor and varies each factor while holding the rest at their baseline. Charting
the results, to see which factors have the greatest effect on the response, follows
this. The major disadvantages to this method are the large amounts of time and
experimental resources expended and the failure to see the interactions between
factors. An interaction is the inability of one factor to produce the same effect on
the response at different levels of another factor. Interactions are common in
most processes, especially those involving chemistry, and are often overlooked.
According to many statisticians, both academics and professionals in
industry, the best approach to dealing with a multiple factor experiment is to
conduct a factorial experiment. This approach varies the factors together,
instead of one at a time. In a factorial experiment we can look at k factors in n
observations. The responses to a factorial experiment can be analyzed through
standardized mathematical techniques contained in computer software, such as
Minitab, SAS, Jump, and DOE KISS, that gives results as to the optimal factor
levels to run the process. This method is not only efficient, but it allows us to
study the interactions and it gives us a basis for troubleshooting problems in the
future.
Following are a set of guidelines to designing and performing an
experiment using DOE.
1. Recognizing and Stating the Problem
It is important to recognize that a problem requiring experimentation exists
and to develop a clear understanding and definition of the problem. In order to
state the problem clearly it is helpful to gather information from a variety of
parties including engineers, quality assurance, manufacturing, marketing,
management, the customer, and the operators. It is also essential to clearly
state the goal and the objective and to define the required information. The goal
is the ultimate result desired and the objective is how the task will be
accomplished. This eliminates confusion between the two.
2. Choosing Factors, Levels and Ranges
The experimenter must choose which factors need to be studied, the
ranges over which these factors will be varied and at what levels of these ranges
the runs will be made. It is helpful to give thought to how these factors will be
controlled and measured. It is beneficial to organize a team brainstorming
session for this step. This assures that the key factors are selected for the
experiment.
3. Selecting the Response Variables
This step can be done simultaneously, before and sometimes after the
previous step. It is important to select a response that will provide useful
information about the process and information that will interest the customer.
The average or standard deviation of a measured output may be used and it is
not unusual to measure more than one response. The choice of response
should also be a result of the brainstorming process. It is important to identify
issues related to defining the response, such as gauge capability and relevance,
before conducting the experiment.
4. Choosing the Experimental Design
The choice of design involves the consideration of sample size, run order,
and whether or not there are blocking or other randomization restrictions
involved. A process may force blocking or have problems with randomizing the
runs if it is a difficult process to control. It is important to try to run an experiment
in random order to avoid having uncontrollable factors impacting the response.
However, it is often necessary to block, or group certain runs together, due to
process restrictions or constraints in time and money. The number of replicates,
the number of factors and the amount of information needed to improve the
process determine the sample size. The term replicate refers to the situation
when it may be useful to run a set of conditions more than once to check the
repeatability of the process. Reference books and software packages can be
used to select appropriate design configurations.
The design should be built up in phases so we do not waste resources
gathering poor information. This usually begins with small, two factor
experiments to help identify the factors that need to be studied. The next step is
to run a
2k
factorial design using the correct number of factors (k) and runs to get
the most efficient experiment. This is a screening design, which gives
information about which factors are significant and whether or not more
experimentation is necessary.
When many factors need to be studied but the time and resources are not
available, the experiment may be fractionalized for efficiency. Here we would
run a
2k'p fractional factorial design. In this instance, k represents the number of
factors and p represents a reduction for any known information and is termed the
fractionalization element of the design. The fractionalization element is used to
compute the fraction of the full factorial being used. For example, if a
25"2
fractional factorial design were being run, there would be five factors and the





fractional factorial, will also tell us that the experiment has 25"2, or 8,
runs (while a
25
design would have 32 runs). Efficiency is defined as running the
fewest possible treatment combinations or runs to get the information we need.
These factorial designs are found in many reference manuals or textbooks.
If we see that the factors have curvature, or a non-linear relationship, in
their interactions it may be beneficial to continue on and augment the
2kp
factorial to a central composite design. In a central composite design we add
runs at certain points just outside the upper and lower limits of the factorial
design. This allows us to calculate the curvature without having to run a whole
new experiment.
5. Performing the Experiment
It is vital to monitor every aspect of the experiment while running it.
Everything must be run according to plan to avoid destroying the experimental
validity. It is crucial that the planning of the design is complete before the
experiment is performed.
6. Analyzing the Data Statistically
In order to avoid a conclusion based on human judgment, statistical
methods should be used to analyze the data and achieve objective results. Data
from a DOE is analyzed through the use of ANalysis Of VAriance (ANOVA). An
ANOVA uses the sum of squares of the data to identify which levels affect the
mean level and the variability in the process. The sum of squares is a tool for
looking at the variation in the data around a mean of zero with a "correction
factor"
that causes the magnitude to be independent of the numbers being used.
Along with the ANOVA, p-values are used to determine levels of
significance. The p-value is the smallest amount of error, a, at which the data
are significant. It is common to set a at about 0.05. This will give results that are
at least 95% significant. The p-value can be found through computer software,
some handheld calculators, and tables can be used to approximate the value.
Once the significant factors are determined by the ANOVA, regression
coefficients are used to create a model of the process. Regression coefficients
measure the change in the response over a unit change in the control variable.
The intercept is the grand average of all the observations. Their use will be
clearer when the statistical analysis is performed on the APL.
The standard error can be used to determine the reliability of the model.
The standard error is the uncertainty in the test of the hypothesis that the factors
are significant. More observations will yield answers closer to the "truth". The
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equation for standard error comes from the equation for the estimated variance
of the distribution. The estimated variance of the distribution is equal to the
estimated variance of the original data divided by the number of observations.
The standard error is the square root of the estimated variance of the
distribution. It is easy to see that as the number of observations increase, the
standard error will decrease.
The
R2
value can also be used to determine the reliability of the model. If
the analysis results in a good
R2
value, the model is a better prediction of the
response levels. The
R2
value is the sum of squares of the model (without error)
divided by the total sum of squares. It is interpreted as the proportion of the
variability in the data explained by the analysis of variance model. The value of
R2
ranges from zero to one, with larger values being more desirable. A low
R2




value tends to increase as terms are added to the model. To
compensate for this fact, an adjusted
R2
value is used as well. The model is the
best fit when the
R2
value and the R2adj value are close. The R2adj value takes into
account the degrees of freedom in the model to account for terms being added
to the model. The equation for the R2adj value is:
*i=l-()(1-*2)
n-p
Where (n - 1) is the degrees of freedom for the model and (n - p) is the degrees
of freedom for the error.
As long as the experiment has been designed correctly and performed
according to design, the analysis is not difficult. There are many software
packages that can assist in the analysis, such as Minitab, Jump, and DOE KISS
(Keep It Simple Statistically). Graphical methods can also play an important role
in the interpretation.
Statistical techniques do not prove that one particular factor has an effect
on the process but they do add validity and reliability to the results and attach a
level of confidence to the conclusions. Through good engineering knowledge
and statistical techniques a correct decision can be obtained.
7. Making Conclusions from the Analysis
Practical conclusions and a recommended course of action must be
drawn from the experimental analysis. The results are often presented using
graphical methods. Follow-up runs and confirmation testing, if possible, should
also validate the conclusion. As we perform the experiment we learn about the
process. Therefore, parts of the design may be altered to improve the
experiment throughout the process. As a result, it is a general rule that we
should invest no more than 25 percent of the resources in the first experiment.
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This ensures that resources are available to perform confirmation runs and to
accomplish the final objective of the experiment.
8. Presenting the Results
It is important to present the results of the experiment in a manner that will
allow them to be easily obtained for future reference. This will avoid
unnecessarily repeating experimental studies. It is recommended that an
executive one-page summary be used for this purpose. The goal, objective,
results, conclusions and recommendations should be outlined. This is a useful
tool to put everything into one place, avoiding the need to sort through large
reports to find information.
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B. Automated Paint Line Ecoat Process
The Eastman Kodak Automated Paint Line (APL) is described in this
section. Special attention is given to the electrodeposition process and the
process monitoring system.
1. Stages of the Automated Paint Line
Parts are manually loaded onto racks before entering system (see Figure
1 & Figure 2). The parts first pass through a tri-metal pretreatment system. The
pretreatment system consists of six stages and its purpose is to clean the parts
before they are painted. The APL is mainly designed for painting stainless steel,
cold-rolled steel, and aluminum parts. It can also handle various other metals,
such as copper and zinc.
Stage 1 of the pretreatment process consists of an alkaline cleaner.
Figure 3 shows the parts entering stage 1. Stage 2 is a city water rinse. In
stage 3, iron phosphate and fluoride are used to enhance adhesion and add
corrosion resistance. The next stage is another city water rinse. Stage 5 is a
non-chrome sealer. Finally, the parts pass through a deionized water rinse.
After the pretreatment, the parts are dipped into a 10,000-gallon
electrodeposition, or ecoat, tank where the paint is plated on the metal surfaces.
Figure 4 shows the electrodeposition tank. Time, temperature and chemical
12
concentrations are controlled in the ecoat stage. A continuous ultrafiltration
process then removes the paint residuals during the two permeate rinse stages
and filters them back into the tank. This helps to make the process cost effective
and environmentally friendly. The electrodeposition stage is discussed in detail
in the following section.
After the two permeate rinse stages, the parts go through another
deionized water rinse and then proceed through a curing oven. The paint is a
thermosetting epoxy that cures at a specific temperature. After curing, the parts
are unloaded and the racks are used for new parts to go through the process.
Random samples of the parts are sent out for a visual, gloss and film thickness
inspection twice a day. The entire process has a cycle time of two hours. A flow
chart of the process is shown in Appendix A.
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Figure 1 - Straight Parts on Rack
Figure 2 - Bent Parts on Rack
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Figure 3 - Parts Entering Stage 1
Figure 4 - Electrodeposition Tank
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2. The Electrodeposition Process
The Electrodeposition Finishes
Manual3
from PPG Industries and the
Encyclopedia of Materials Science and
Engineering4
provided useful information
regarding the electrodeposition process.
Electrodeposition allows organic coatings to be applied to a conductive
substrate from an aqueous media. The process of electrodeposition has roots
dating back to 1809 with a principle called electrophoresis. Electrophoresis is
the movement of suspended particles through a fluid under the action of an
electromotive force applied to electrodes in contact with the suspension.
Like plating, parts serve as one electrode and the tank serves as the
oppositely charged electrode. When the overhead conveyer dips the parts into
the tank to be coated, the charged polymers migrate electrophoretically to the
electrode of opposite charge. The paint is deposited onto the parts until the
coating reaches a thickness large enough to insulate them. When negatively
charged polymers deposit on the anode, it is called anodic electrocoating. When
positively charged polymers deposit on the cathode, it is called cathodic
electrocoating.
Electrodeposition was patented in 1919. The first attempts to use this
process in production were in the 1920's for the deposition of rubber latex and in
the 1930's for coating the inside of food cans with lacquer emulsions. The
concept was more thoroughly investigated and applied to commercial use in the
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late 1950's with research by the Ford Motor Company on the anodic
electrocoating of automobiles. The first electrodeposition plant appeared in
1963. Cathodic electrodeposition was then introduced to the appliance industry
in 1971. Cathodic electrodeposition has since become predominant for coating
automobiles while anodic technology is still competitive in other applications.
Both processes have their advantages and disadvantages and the choice
depends on the desired results. There are three significant differences between
anodic and cathodic electrodeposition. The first difference is that anodic films
are very acidic while cathodic films are very basic. This eliminates equipment
dissolution problems in anodic systems and eliminates acid or ester groups as
sites for water and saponification attacks in cathodic systems. The second
difference is that anodic deposition takes place in an oxidizing atmosphere while
cathodic deposition occurs in a reducing atmosphere. This is an advantage for
cathodic electrodeposition because it cuts down on chemical complications. The
third difference is that dissolved anode metal during anodic deposition reacts into
the film, while dissolved anode metal during cathodic deposition contaminates
the bath, necessitating the use of inert anodes. This allows for minimal
dissolution of coated parts into the film. Another advantage to anodic
electrodeposition is that anodic systems are generally more hydrophobic with
better inherent wetting, flow and coalescence. However, cathodic coatings can
be formulated for excellent color control.
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There are many advantages to electrodeposition over other painting
processes. Electrodeposition has a positive environmental impact when
compared to other coating methods. The process can contribute to reducing
energy consumption and, with the development of ultrafiltration, it can minimize
system discharge by reclaiming paint solid dragout. There is normally over 90%
paint utilization. The automated aspect of this process reduces labor costs.
There is nearly a 100% coating efficiency. The resulting film thickness is not
only controlled but it is also uniform including on edges and corners. The film
deposits at very high solids content, eliminating problems of sagging and vapor
washing in closed sections. The risk of a fire hazard is virtually eliminated.
There are less air emissions than any other painting process. The process
protects against corrosion and does not require uniform loading. Coatings can
be formulated with minimal organic solvent content, important for safety and
environmental considerations. As opposed to water-based systems, the
counterions, or ions of opposite charge, required for dispersion do not usually
codeposit with the film and affect film properties.
However, there are also some disadvantages to electrodeposition coating.
In order to justify the initial investment and use of plant space, a sufficient
production is needed. Film build is self-limiting to about 50|am. The product may
not require complete coverage on all surfaces. Only conductive areas can be
coated. It is difficult to coat several colors. There are many coating properties
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that must agree with the desired specifications and the operational
characteristics. Some of the properties are gloss, thickness, color, flexibility,
adhesion, wear resistance, hardness, corrosion protection, texture, porosity, heat
resistance and ability to be cleaned. Also, because of the electrochemical
considerations required, formulation latitude is limited. High pigment levels,
soluble or impure anticorrosive pigments, and other highly ionic water-soluble
species cannot be tolerated.
Currently, there are about 400 electrodeposition installations in the United
States and 1500 around the world. This process is now used to prime
approximately 90% of all automobiles. Electrocoating is expected to continue to
grow as technology grows in the areas of higher film build, two-coat systems with
a conductive primer, and one-coat systems with good durability and corrosion
resistance. Also with the solvent-free formulations, closed-loop rinsing and
improved curing methods, a coating system with a minimum amount of pollution
can be foreseen. Therefore, environmental legislation may also have a large
impact on the future volume of
electrocoating.3,4
In "The Final Touch"5, the Kodak Equipment Manufacturing Division's
finishing handbook, Eastman Kodak describes the electrodeposition process as
an automated finishing process that incorporates pretreatment, coating and
curing. This process is utilized for a uniform film thickness with low gloss. Black
epoxy is deposited on metal substrates and a durable finish is provided. The
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finish is used as a primer or, for non-cosmetic surfaces, as a final coat. It is also
very cost effective and it is photographically inert. Daily measurements of the
critical chemical parameters, such as fluoride and the solvent level, in the
process path also allow for optimum chemical and corrosion protection.
There are many constraints that the parts must comply with to be suitable
for this process at Eastman Kodak. Holes must be oversized to a particular
dimension in order to compensate for the e-coat build up. The parts must be
capable of being suspended from an overhead conveyer. The parts must be
able to be immersed free of air entrapment and with sufficient draining
capabilities. The parts must also be able to withstand 450F The maximum




x 3'. The maximum weight a part can be is 350 lbs.
There are also given specifications that are expected of the APL process.
The film thickness will be between
0.0005"
and 0.001". The gloss will be held to
a maximum of 5% using a
60
reflectance angle. The color will also be
controlled using the CIE-LAB color measurement scale. The electrodeposition
process is a suitable process for Eastman Kodak due to the availability of the
space, money and production
quantity.5
3. Process Monitoring System
A recently installed process monitoring system continuously monitors the
entire Kodak APL. Probes are placed throughout the process, with information
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from them transmitted through electrical signals by a process logic controller
(PLC). A software package by Allen-Bradley, called RSView, changes the
information from analogue to digital and reads and stores the data in a computer.
This is a standard software package that can be used to monitor almost any
process and store the information collected in a database for later use. The
software can be programmed to a specific process with little difficulty.
The data is automatically stored in a database so that the user can look at
past trends in the measurements. This will indicate how any certain parameter in
the process has been running over a given period of time extending as far back
as the software has collected data. The user can also monitor real time values
to assess how the process is currently running.
The monitoring system is also useful for keeping the process in control on
a real time basis. The system is equipped with alarms that are controlled in a
database. The alarms are programmed to be triggered corresponding to the
process specifications and to warn the operators with a screen alert. The main
screen for the system is shown in Appendix B. Any current alarm or any alarms
that have not been acknowledged, will be seen in an alarm summary. Once an
alarm is acknowledged, it is no longer seen in the alarm summary.
Corrective action guidelines (CAGs) were added to the alarm summary.
CAGs also add value to the process monitoring system on a real time basis.
When an alarm is triggered, an operator can view a CAG by simply pressing the
21
'identify'
button. This allows the operators and maintenance staff to react to a
problem in a systematic manner by taking sequential steps.
The process monitoring system has two methods of monitoring the data.
It can monitor the data in either an open loop or a closed loop format. Open loop
means the system only monitors the given parameters and alarms are triggered
when the process goes out of control. Therefore, it is up to the operators to
respond to the alarms and to bring the process back into control. However, there
are a few parameters that are closed loop. This means that the monitoring
system is programmed to keep the parameters under control. The process will
change automatically to fix the problem. In these cases the operators do not
need to respond. An example of how the system may keep the process in
control is, if conductivity were low in stage 1 , the system would add more soap to
bring it up. This helps keep the process under control with less attention needed
by the operators and maintenance staff.
4. Chemistry and Physics of the Automated Paint Line
There are several primary variables in the APL process. These are the
fluoride concentration in the cleaning stage and the p/b ratio, voltage, pH,
percent solids, and solvent in the e-coat tank. Each of these variables is
described in more detail in the following sections. These are the main factors
that were considered in designing an experiment for improving the APL process.
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a. Fluoride Concentration
Any compound containing fluorine may be designated as a fluoride.
Fluorine ions are released when such compounds are dissolved into a solvent.
The fluoride concentration is the amount of fluorine ions in a solution. Fluorides
react with metals and non-metals (silicon, hydrogen, carbon and boron). Both
inorganic and many organic fluorides are quite poisonous, and they are often
extremely corrosive. For the APL process the fluoride concentration is measured




The pigment to binder ratio, or p/b ratio, is the proportion of the pigment to
the binder in a given solution. The term pigment originated from the Latin term
pigmentum, which means paint. This comes from the root ping-, or paint a
picture, implying use of a colorant. A pigment can be any substance that imparts
color to another substance or mixture. It is usually in the form of a dry powder.
Most pigments are insoluble in organic solvents and water. To qualify as a
pigment a material must have a positive colorant value. Some pigments are also
reinforcing agents.
Binder is any cementitious material that is soft at high temperatures and
hard at room temperature, used to hold dry powders or aggregate together. It is
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also known as the film-forming ingredient in paint, usually either a drying oil or a
polymeric substance. For the APL process, the p/b ratio controls the gloss of the
paint.7
c. Voltage
Voltage is defined as the electric potential or potential difference between
two points of a conductor carrying a constant
current.8
The common unit of
measurement is the volt. Referring to the potential as a voltage is similar to
referring to the distance as the mileage, the name arises from its unit of
measure. The volt is named for Count Alessandro Volta, professor of physics at
the University of Pavia, Italy. Volta invented the electric cell, or battery, which
was the first device to provide steady electric currents. For the APL process, the
voltage is the potential difference between the parts and the ecoat bath. The
voltage controls the amount of paint that is deposited onto a
part.9
d. pH
The pH value represents the acidity, or alkalinity, of an aqueous solution.
It is defined as the logarithm of the reciprocal of the hydrogen-ion molar





The standard used in arriving to this value is pure water at
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C. Pure





ions at concentrations of
10"7
moles per liter. When acids or
bases are in water solution, they ionize more or less completely depending on
the varying concentrations. Strong acids and bases ionize much more
completely than weak acids and bases. Strong acids give solutions of pH 1 to 3,
while solutions of weak acids have a pH of about 6. Strong bases give solutions
of pH 12 or 13, while solutions of weak bases have a pH of about 8. As the pH
scale is logarithmic, the intervals are exponential. Therefore, they represent
greater differences in concentration than the values seem to indicate. The
control of the pH is of critical importance to industrial operations, such as water
purification, preservation of food products, electroplating baths, agriculture and
dyeing.
The term pH originates from an abbreviation of pouvoir hydrogene, or
hydrogen power. The inventor of the scale, Sorenson, used this term. The word
"power"
is used in it's mathematical sense.
With respect to the APL, the pH keeps the paint, which is oil and water,






reading refers to the percentage of solid material as
opposed to liquids in the bath. The term solid refers to matter in its most highly
concentrated form. In the solid state, the atoms or molecules are much more
closely packed than in gases or liquids. For the APL process the percent solids
indicates the amount of paint present in the deionized water.
f. Solvent
The term solvent originates from the Latin prefix, solv-, which means to
free or loosen. This refers to a liquid that
"frees"
solids from their confined state.
A solvent is a substance that is capable of dissolving another substance, termed
the solute, to form a uniformly dispersed mixture, or solution, at the molecular or
ionic size level.
Solvents are either polar or non-polar. A polar solvent has a high
dielectric constant, while a non-polar solvent has a low dielectric constant.
Organic solvents are mainly used in the coating fields. They are used in
paints, varnishes, lacquers, industrial cleaners, printing inks, extractive
processes and pharmaceuticals. Many solvents contribute to air pollution and
fire hazards due to the fact that they are usually volatile, flammable and toxic to
varying degrees. This has caused their use in coatings and cleaners to decline
in recent years as functional replacements are found.
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. Design of Experiments Applied to the
Eastman Kodak Automated Paint Line.
This section shows how the generalized procedure for running an
experimental design has been applied to the Eastman Kodak electrodeposition
process on the APL.
A. Recognition and Statement of the Problem
Eastman Kodak is aware of difficulties in controlling the automated paint
line. While many people employed on the line are trained to keep the process in
control and these employees generally know what to adjust if the parts begin to
appear defective, there is no systematic approach to the control of the process.
A better understanding of how the process parameters react to changes in the
process and interact with each other would be useful for making better decisions
on how to solve problems and improve quality more efficiently.
Two procedures have been implemented to address these problems. The
recent installation of a process monitoring system has made it possible to keep
track of the process and, in some cases, control the process through the use of
automated feedback control implemented through a local computer. A design of
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experiments project, the subject of this paper, will further help by learning which
process parameters significantly affect process outputs.
The objective of this experiment is to test the hypothesis that the output
responses are principally functions of the factors we identify to be important, with
a goal of identifying the levels for these factors which results in the best output.
Completion will result in the specification of optimum levels at which the critical
parameters should be run and a relation between the inputs and outputs, which
can be used to set the process parameters and for troubleshooting if problems
arise in the future
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B. Choice of Factors, Levels and Ranges
Before choosing the important factors, or process parameters, a list was
compiled of every factor monitored on the newly installed process monitoring
system and any other factors that could be monitored manually. This list is
shown in Table 1. Next, the operating staff, engineers, technicians, supervisors,
quality assurance and outside suppliers were asked which parameters they felt
were most important in affecting the quality of the parts. These experts were
then further consulted to narrow the list to about five or six critical parameters.
These parameters were the fluoride concentration on cleaning stage #3, and the
voltage, pigment to binder ratio, percent solids, pH and solvent on the ecoat
stage. A description of these factors is given previously in section IV.
Further consideration on the part of the process experts narrowed these
factors down to three main factors, fluoride concentration, p/b ratio and voltage.
This decision to reduce the number of factors was made based on the difficulty
and time consumed in controlling many parameters at once in the 10,000-gallon
electrodeposition tank. The fact that sufficient methods were available to make
measurements on these three factors and the belief that these factors would
have the greatest impact on the responses were also significant in their choice.
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Table 1- Automated Paint Line Parameters
Monitored by
RSView






















































The voltage is monitored on both the new process monitoring
system and on the line. The fluoride and p/b ratio can be read manually with the
use of equipment that is available in the lab. The process champion, or
supervisor responsible for the process, will add paste (pigment) or resin (binder)
to the ecoat tank to raise or lower the p/b ratio, respectively. The fluoride
concentration is raised by adding sodium chloride to the cleaning stage and is
lowered by letting the fluoride level decrease with time. The procedure for taking
the fluoride measurement and the worksheet used to calculate the p/b ratio are
shown in Appendix C.
Next, the decision was made to vary these factors at the upper and
lower specification limits, or recommended levels of use given by the chemical
supplier. This gives us a wide enough range to see a change in the response,
yet it minimizes the chance of getting bad parts. Tests were run while other
parts, which would be sold to a customer, were being run. Therefore, it was
desirable that a minimum number of defects occur during the test runs. It is also
common in industry to run experiments at the specification limits due to outside
limitations in the process, such as tool wear and capability.
Ideally, the ranges should go beyond the specification limits for a DOE. A
narrow range of values may cause difficulty in seeing a significant change in the
response. Usually, the specification limits are a set of limits where the process is
certain to get good parts. In order to get good results in a DOE, it is
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advantageous to get bad parts so we know that the results of the DOE apply to
the entire range of inputs that will give us good output. For the APL process, an
exception had to be made to keep the process running. This may result in bad
data if the specification limits are too narrow.
The upper and lower limits for the voltage are 180V and 120V,
respectively. The fluoride concentration ranges from 50 to 150 parts per million,
ppm. The p/b ratio is 0.120 at the low end and 0.170 at the high end. Due to the
difficulty in controlling these parameters, a slight variation between the levels in
the design and the levels in the experiment may occur. However, the actual
values were measured during the runs to assure the experiment gives valid
results.
33
C. Selection of the Response Variables
There are many different types of defects that can occur during the
electrodeposition process. Some of these are partial or missing coat, nicks in
the finish, rough finish, bare spots due to nested parts, rust or corrosion, blisters,
masking problems, a non-uniform finish, stains, bent or dented parts, goobers,
bleedout, missing components, scratches, air pockets and incorrect coating
thickness. These defects are monitored through defect pareto charts. The
pareto charts for a process are stored and can be obtained for any given time
period through the use of the Microsoft Access program in Eastman Kodak's
network database. A pareto chart is a bar chart that illustrates causes of a
problem, in order of severity, by frequency (or percent) of occurrence. A sample
of a pareto chart is shown in Appendix D.
The list of potential defects was narrowed down to the ones that are most
often seen and that result from the electrodeposition process. Defects in the
finish, such as roughness and thickness, were the main areas of concern.
Again, engineers, supervisors, technicians, operating staff and quality assurance
personnel were consulted in determining the appropriate responses that are
associated with these defects.
Roughness, gloss, thickness and visual appearance were determined to
be important because they all affect the cosmetics of the parts. The roughness
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is measured using a profilometer. The profilometer has a probe that runs across
a small portion of the surface to measure height differences. The gloss is
measured using a gloss meter, which detects reflected light off the surface of the
parts.
The thickness of the coating on the stainless steel parts is measured
using a deltascope and an isoscope is used for the aluminum parts. These
devices measure the thickness of the paint on the surface of the parts using an
eddy current. The deltascope is for ferrous metals, such as cold rolled steel.
The isoscope is for non-ferrous metals, such as aluminum. Stainless steel is a
blend of ferrous and non-ferrous metals. Therefore, the choice between the
deltascope and the isoscope is made using the predominant metal type, which is
usually ferrous for stainless steel parts.
All measurements were taken at three to five random locations on the
surface of the parts, depending on the measurement device, and an average
value was used as the output response. All measurement devices were
available within the labs at Eastman Kodak. The appearance of the parts was
assessed visually using a ranking method. An experienced employee did the
ranking. Each part was given a value between one and five, with five the best
and one the worst in terms of the look and feel of the coating. The critical
components of the visual rating are the coating uniformity and the surface
smoothness.
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A side test, with lamp housing brackets that were having problems with
peeling paint, was run simultaneously. This project is an opportunity for the
consumer department to test if these factors have an effect on their peeling
problem. These parts were tested in projectors for 250 hours to see if their paint
would peel. The test had essentially a pass or fail outcome.
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D. Choice of Experimental Design
The process of choosing the correct design is fairly easy once it is
determined how much information is needed. Many different designs were
considered before and after the factors were narrowed down to the critical few.
Some of these designs are shown in the tables on pages 38 - 41 . As discussed
earlier, the larger designs were thrown out due to difficulties in controlling so
many factors at once in the ecoat process. The most efficient process was the
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factorial screening design shown in Table 5. This process gave the amount of
information needed with the fewest possible runs.
The run order was determined by the difficulty in adjusting each factor.
The p/b ratio requires about a one-month waiting period for the process to
change from the high level to the low level and vice versa. About a week is
needed for each fluoride concentration adjustment. These parameters require
so much time because they must be changed in a slow, controlled fashion in
order to keep the line operating efficiently. The voltage was the easiest of the
factors to adjust. A simple turn of a knob could be made to move the voltage to
the appropriate level. The resulting experimental design is shown in Table 6. It
was not possible to randomize due to time constraints. The time allotment would




Fractional Factorial Design Option
Run# Voltage % Solid Solvent P/B Ratio Fluoride pH
1 120V 8.1 0.8/0.3 0.12 50 ppm 5.65
2 180V 8.1 0.15/0.8 0.12 50 ppm 5.65
3 180V 8.1 0.8/0.3 0.12 150 ppm 5.65
4 120V 8.1 0.15/0.8 0.12 150 ppm 5.65
5 180V 8.1 0.8/0.3 0.12 50 ppm 5.85
6 120V 8.1 0.15/0.8 0.12 50 ppm 5.85
7 120V 8.1 0.8/0.3 0.12 150 ppm 5.85
8 180V 8.1 0.15/0.8 0.12 150 ppm 5.85
9 180V 8.7 0.8/0.3 0.12 50 ppm 5.65
10 120V 8.7 0.15/0.8 0.12 50 ppm 5.65
11 120V 8.7 0.8/0.3 0.12 150 ppm 5.65
12 180V 8.7 0.15/0.8 0.12 150 ppm 5.65
13 120V 8.7 0.8/0.3 0.12 50 ppm 5.85
14 180V 8.7 0.15/0.8 0.12 50 ppm 5.85
15 180V 8.7 0.8/0.3 0.12 150 ppm 5.85
16 120V 8.7 0.15/0.8 0.12 150 ppm 5.85
17 180V 8.1 0.8/0.3 0.17 50 ppm 5.65
18 120V 8.1 0.15/0.8 0.17 50 ppm 5.65
19 120V 8.1 0.8/0.3 0.17 150 ppm 5.65
20 180V 8.1 0.15/0.8 0.17 150 ppm 5.65
21 120V 8.1 0.8/0.3 0.17 50 ppm 5.85
22 180V 8.1 0.15/0.8 0.17 50 ppm 5.85
23 180V 8.1 0.8/0.3 0.17 150 ppm 5.85
24 120V 8.1 0.15/0.8 0.17 150 ppm 5.85
25 120V 8.7 0.8/0.3 0.17 50 ppm 5.65
26 180V 8.7 0.15/0.8 0.17 50 ppm 5.65
27 180V 8.7 0.8/0.3 0.17 150 ppm 5.65
28 120V 8.7 0.15/0.8 0.17 150 ppm 5.65
29 180V 8.7 0.8/0.3 0.17 50 ppm 5.85
30 120V 8.7 0.15/0.8 0.17 50 ppm 5.85
31 120V 8.7 0.8/0.3 0.17 150 ppm 5.85




Fractional Factorial Design Option
Run# Fluoride P/B Ratio Solvent Voltage % Solid pH
1 50 ppm 0.12 0.8/0.3 120V 8.1 5.65
2 150 ppm 0.12 0.8/0.3 180V 8.1 5.65
3 50 ppm 0.12 0.15/0.8 180V 8.1 5.85
4 1 50 ppm 0.12 0.15/0.8 120V 8.1 5.85
5 50 ppm 0.12 0.15/0.8 120V 8.7 5.65
6 1 50 ppm 0.12 0.15/0.8 180V 8.7 5.65
7 50 ppm 0.12 0.8/0.3 180V 8.7 5.85
8 150 ppm 0.12 0.8/0.3 120V 8.7 5.85
9 50 ppm 0.17 0.15/0.8 180V 8.1 5.65
10 1 50 ppm 0.17 0.15/0.8 120V 8.1 5.65
11 50 ppm 0.17 0.8/0.3 120V 8.1 5.85
12 1 50 ppm 0.17 0.8/0.3 180V 8.1 5.85
13 50 ppm 0.17 0.8/0.3 180V 8.7 5.65
14 150 ppm 0.17 0.8/0.3 120V 8.7 5.65
15 50 ppm 0.17 0.15/0.8 120V 8.7 5.85




Fractional Factorial Design Option
Run # Fluoride Voltage P/B Ratio % Solid pH
1 50 ppm 120V 0.12 8.1 5.65
2 150 ppm 180V 0.12 8.1 5.65
3 150 ppm 120V 0.12 8.1 5.85
4 50 ppm 180V 0.12 8.1 5.85
5 150 ppm 120V 0.12 8.7 5.65
6 50 ppm 180V 0.12 8.7 5.65
7 50 ppm 120V 0.12 8.7 5.85
8 150 ppm 180V 0.12 8.7 5.85
9 150 ppm 120V 0.17 8.1 5.65
10 50 ppm 180V 0.17 8.1 5.65
11 50 ppm 120V 0.17 8.1 5.85
12 150 ppm 180V 0.17 8.1 5.85
13 50 ppm 120V 0.17 8.7 5.65
14 150 ppm 180V 0.17 8.7 5.65
15 150 ppm 120V 0.17 8.7 5.85




Factorial Design w/ 3 Center Points
Run tc voltaqe (V) flou ride (ppm) p/b ratio
1 (1) 120 50 0.12
2 a 180 50 0.12
3 b 120 150 0.12
4 ab 180 150 0.12
5 c 120 50 0.17
6 ac 180 50 0.17
7 be 120 150 0.17
8 abc 180 150 0.17
9 0 150 100 0.145
10 0 150 100 0 145
1 1 0 150 100 0.145
Table 6 - Final Design and Run Order
Run tc vo Itaq e (V ) flo u rid e (ppm) p/b ratio
1 0 150 100 0.145
2 c 120 50 0 17
3 ac 180 50 0.17
4 be 120 150 0.17
5 abc 180 150 0.17
6 (1) 120 50 0.12
7 a 180 50 0.12
8 b 120 150 0.12
9 ab 180 150 0.12
10 0 150 100 0.145
1 1 0 150 100 0.145
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E. Performing the Experiment
Once the design was finalized, the factors were adjusted to the
appropriate levels. The first run made was a center run because the factors
were close to the correct levels and the experiment was ready to get underway.
Twenty stainless steel samples, twenty aluminum samples and five lamp-
housing brackets were labeled with the letter
'H'
to signify this particular run.
Half of the samples were straight (see Figure 5) and half were bent into an
'L-
shape'
(see Figure 6). These parts were then loaded onto a rack to run through
the process. The voltage was recorded and samples were taken to get the
fluoride and the p/b ratio while the parts were traveling through the process. The
parts were then unloaded and stored for analysis.
Since the p/b ratio takes a long time to adjust, all of the runs involving the
higher p/b ratio were done next. The fluoride concentration also takes a long
time to adjust so the low fluoride levels were run together. Under ideal
circumstances we would prefer to randomize these runs. If any other factors
creep into the experiment, the results could be incorrect. For example, if the
oven is not working properly for all of the low p/b ratio runs, it could look like the
p/b ratio is causing the problem. This is often a difficult thing to convince
managers and operators of in a manufacturing environment. The runs made,
with their dates and the actual value of each factor, are shown in Table 7.
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Figure 5 - Straight Part (painted and labeled)
Figure 6 - Bent Part (painted and labeled)
H
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Table 7 - Actual Values and Date of Each Run
Run Label Date p/b ratio Fluoride (ppm) Voltage (V)
A 10/30/97 0.12 156 120
B 10/30/97 0.12 156 180
C 10/17/97 0.12 47 170
D 10/17/97 0.12 47 120
E 9/17/97 0.17 130 125
F 9/17/97 0.17 130 182
G 9/11/97 0.17 53 130
H 8/13/97 0.145 103 153
1 9/11/97 0.17 53 165
J 11/18/97 0.145 103 153
K 11/19/97 0.145 109 154
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Much care was taken in keeping precise records. The factors could not
be kept at exact values, so it was important to know their values at the time the
parts were going through the process. It was also important to monitor the
process to be sure the parts did not get stopped at any stage due to production
line shutdown. It is not unusual for the line to stop when larger parts get stuck or
a stage is not performing correctly. Luckily, the only run that had to be scrapped
and sent through at a later date was one that was not loaded correctly.
The final two runs were center runs. These were taken to help check the
repeatability in the process.
The first response read was the roughness, using a Taylor-Hobson
Surtronic 3 profilometer (see Figure 7). Calibration dates on all the instruments
were first checked. Then, the profilometer was calibrated using a standard
sample, a sample with a specified roughness. Next, six readings were taken on
the straight samples in random locations and the average was taken. For the
bent samples, three readings were taken, on the bottom surface only, to account
for the horizontal settling.
The gloss readings were taken next using a Gardner Micro-Gloss
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gloss meter (see Figure 8). The gloss meter has a built in calibration. For the
straight parts, four readings were taken, two on each side, and averaged. For
the bent parts, two readings were taken, on the bottom surface only, and
averaged.
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The visual inspection was the next response to be measured. The parts
were ranked from one to five (five being the best) based on their look and feel.
The process champion checked each part for it's roughness and a uniform
coating. He then ranked them based on his opinion. The process champion is
the most qualified for this job because he has worked on the line for many years,
specifically in the area concerning the quality of the parts. The visual inspection
is the only non-quantitative response used. This response tests the belief that
non-quantitative responses tend to give much poorer results than responses that
can be measured numerically. Unfortunately, it is often the only way to measure
some of the most important responses, such as the perception that the customer
will have of the part.
The last response was the film thickness. The aluminum and stainless
steel parts had to be dealt with separately for this response because different
tools were used. The stainless steel parts were measured using the deltascope
(see Figure 9). The deltascope was calibrated using an unpainted stainless steel
part and some standards. Five readings were taken on both the straight and
bent parts and the deltascope calculated their average automatically. The
isoscope was used to take the same measurements on the aluminum parts (see
Figure 10).
The five lamp-housing brackets were sent to be assembled into lamp-
housings. They were then sent to the testing lab to be tested in projectors for
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250 hours. If the paint peels in any one of the five parts, the test run is judged to
fail. This test is to find out if any of the factors involved in our study have an
effect on the paint adhesion of these parts. These lamp-housing brackets were
having failures in some runs, but not others, and the causes of the failures were
unknown.
The last step was to enter all the responses into an Excel spreadsheet for
analysis. The complete test result data is contained in Appendix E.
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Figure 7 - Profilometer
Figure 8 - Gloss Meter
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Figure 9 - Deltascope
Figure 10 - Isoscope
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IV. Analysis of the Data
Statistical methods are used to obtain information about the process from
the data collected in the experimentation process. These methods are defined in
Section III. As mentioned previously the use of ANOVAs, p-values, and
regression coefficients help to determine the importance of each factor and to




values and the standard error, determine the best fit model
and measure the reliability of the results.
The software package utilized for the analysis of this project is called DOE
KISS (Keep It Simple Statistically). The data from each run and the results
obtained from them are entered into this software's Excel based spreadsheet.
Macros are then used to calculate the regression coefficients and the p-values
for each factor and each interaction.
Regression coefficients measure the change in response over a unit
change in the control variable and can be calculated through most statistical
packages. They are put into a mathematical model to help determine the optimal
levels to run the factors in order to achieve the desired response.
The p-values are statistical tools for determining whether a factor has a
significant affect on the response. It is the probability that the test statistic will
take on a value that is at least as extreme as the observed value of that statistic
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when the factor is considered significant. In other words, the p-value is the
significance level in which the term becomes important. For example, if we
would like to have accuracy in our results within 5%, a p-value of less than 0.050
shows that the factor has a significant effect on the response with a 95%
significance level.
The software also calculates the
R2
value and the standard error. The
R2
value tells you how well the factors will model the data and the standard error
tells you how reliable the model is. The
R2
value ranges between zero and one,
one being the best fit. The standard error gives the magnitude that the predicted
results may vary. The smaller the standard error, the more reliable the model is.
DOE KISS also has the capability of calculating the optimal levels at
which the process should be run for any given desired results. The regression
coefficients are run through an iteration process and are used to determine the
optimal level for each factor, given a desired response. The optimal levels for
this study were determined assuming the optimal film thickness is at 0.75 mils,
the roughness and gloss should be minimal and the visual appearance should
be maximized.
Interactions between factors are understood more easily through
interaction plots. Interaction plots are graphical tools that show how any one
factor interacts with different levels of another factor. The response values are
plotted against the values of one factor for each level of the second factor. If the
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lines are not parallel, an interaction is occurring. DOE KISS provides interaction
plots for any two factors desired. The third factor is held constant at its midpoint.
For example, if the interaction between fluoride and voltage was determined
significant for the film thickness on the straight stainless steel parts, an
interaction plot would help to visualize this. The interaction plot for this situation
is shown in Figure 1 1 . The p/b ratio is held constant at 0.145.
From the interaction plot, we can see that for the higher voltage, as the
fluoride increases the film thickness increases. However, for the lower voltage,
as the fluoride increases the film thickness decreases. This supports the fact
that there is a significant interaction between voltage and fluoride present. This
information can be used to decide at what value the fluoride should be run for
different given values of the voltage.
The complete regression analysis results for this study are contained in
Appendix F. They are used to determine which factors and interactions between
factors have a significant affect on the process, which parts of the experiments
are reliable, and where to run the process to achieve optimal results.
A summarization of the significant factors and their corresponding
R2
values are shown in Table 8 and the optimal levels for the factors of the models
that were considered reliable are shown in Table 9.
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Figure 11 - Fluoride vs. Voltage for Film Thickness on Straight Steel Parts
Interaction Plot of fluoride vs voltage











Table 8 - Significant Factors
Straight Steel Parts















Error 1 .607 micro-in 0.027 mils 0.254 deg 0.874
Bent Steel Parts













Error 12.31 1 micro-in 0.028 mils 0.367 deg 0.838
Table 9 - Optimal Levels
fluoride (ppm) p/b ratio voltage (V) response
Straight Steel
Film Thickness 117.29 0.132 137.91 0.74997 mils
Straight Aluminum
Roughness 150 0.12 180 29.82 nin
Film Thickness 113.0519 0.1425 121.72 0.74996 mils
Bent Steel
Film Thickness 74.01 0.1284 156.89 0.75007 mils
Bent Aluminum
Film Thickness 65.827 0.1513 159.117 0.75005 mils
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In the experiments regarding the straight stainless steel parts, none of the
factors have a significant affect on the roughness or the gloss response. The p/b
ratio, the interaction between fluoride and voltage, and the interaction between
p/b ratio and voltage significantly affect the film thickness and the results of the
visual inspection are most affected by the voltage.
Next, the
R2
values determine how well the model fits the data. We also




values will increase simply
by adding variables to the model. The adjusted
R2





values are close, there is less of a chance
that insignificant terms were included in the model. Both the interaction plots and
the optimization process are also important. They are used to determine exactly
where we want to be running the process.
For the experiments containing the straight stainless steel parts, the film




that are relatively high and close in value, and a standard error of only 0.0217
mils. Only the coefficients of the significant factors, the interactions, and the
factors involved in an interaction can be used in the equation to determine
optimal conditions. This equation is also useful for troubleshooting problems that
may arise in the future. The model looks as follows:
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The values input for fluoride, p/b ratio, and voltage are the levels at which
the process should be run in design units (-1, +1). The design units can be






Here xleve, is the level of the factor you are trying to find the design unit for, x,eve|S
is the average of the levels, xhigh is the higher level, and x,ow is the lower level.
For example, if we wanted to find the design unit for fluoride when it is at a level




DOE KISS uses the regression model and an iteration process, where it
inputs different possible levels for each factor, to determine the optimal levels to
run the process given a desired film thickness of 0.75 mils. The software
determined that a film thickness of 0.74997 mils could be obtained if the fluoride
were run at 117.29 ppm, the p/b ratio at 0.132, and the voltage at 137.91 V. The
interaction plots for the fluoride vs. voltage relationship and the p/b ratio vs.
voltage relationship can also be found in Appendix F. These plots may prove to
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be useful for answering questions about the process such as where to run the
voltage for given values of the fluoride or the p/b ratio.
For the straight aluminum parts, the p/b ratio and the voltage affect the
roughness. The interaction between fluoride and p/b ratio and the interaction
between p/b ratio and voltage have a significant affect on the film thickness.
None of the factors have an affect on the gloss or the visual readings.
The model for the roughness is considered the best fit for the data
because it has the greatest
R2
values. Through optimization, it was determined
that running the fluoride at 150 ppm, the p/b ratio at 0.12, and the voltage at 180
V can deliver a roughness as low as 29.82 |u.in. The film thickness also provides
a good model for the data because it also has relatively high
R2
values and a
standard error of only 0.0272 mils. A film thickness of 0.74996 mils can be
obtained if the fluoride is run at 113.0519 ppm, the p/b ratio at 0.1425, and the
voltage at 121.72 V.
The bent stainless steel experiments yielded results showing that none of
the factors have an affect on the roughness, the gloss, or the visual response.
The interaction between p/b ratio and voltage and the interaction between all
three factors have a significant affect on the film thickness. The p/b ratio vs.
voltage interaction plot can be found in Appendix F.
The model for the film thickness is determined the best fit due to its high
R2
values. The optimization process for film thickness determined that a
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thickness of 0.75007 mils could be obtained if the fluoride is run at 74.01 ppm,
the p/b ratio is run at 0.1284, and the voltage is run at 156.89 V.
The gloss and visual appearance are not significantly affected by any of
the factors in the experiments pertaining to the bent aluminum parts. However,
the roughness is affected by the interaction between p/b ratio and voltage and
the fluoride, p/b ratio, and the interaction between p/b ratio and voltage
significantly affect the film thickness.
The film thickness is the best-fit model for the bent aluminum parts. A film
thickness of 0.75005 mils may be obtained by running the fluoride at 65.827
ppm, the p/b ratio at 0.1513, and the voltage at 159.117 V. The interaction plot
for the p/b ratio vs. voltage on the film thickness can be found in Appendix F.
After close evaluation of these results, it is noted that the optimal levels
are different for the various metal types and shapes of the parts. Therefore, the
paint quality will vary depending on these features as well. Another important
observation is the fact that none of the visual inspections yielded reliable results.
The failure of the visual response to provide a reliable model is probably due to
the fact that a rating system was used for taking data.
The most disturbing, and probably the most important, observation is the
fact that some of the optimal levels are at the specification limits. This leads to
the idea that limiting the ranges of the experiments to the specification limits may
also have curbed the results. For a true understanding of the limitations of the
58
process, the experimentation should have exceeded these boundaries if
possible.
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V. Conclusions and Recommendations
Based upon the analysis and results in the previous section, conclusions
have been reached regarding the experiment and the process. The significant
factors for each portion of the experiment have been found and best-fit models
has been determined (Table 8). Five of the possible sixteen models have been
deemed significant. For these models, the optimal level to run each factor has
been calculated to find the ideal response (Table 9).
The film thickness on the straight stainless steel parts will yield a
response of 0.74997 mils when the fluoride is run at 117.29 ppm, the p/b ratio is
run at 0.132, and the voltage is run at 137.91 V. The roughness on the straight
aluminum parts will yield a response of 29.82 juin when the fluoride is set to 150
ppm, the p/b ratio is 0.12, and the voltage is 180 V. A film thickness of 0.74996
mils can be obtained if the fluoride is run at 113.0519 ppm, the p/b ratio at
0.1425, and the voltage at 121.72 V. The film thickness for the bent stainless
steel parts will be 0.75007 mils when the fluoride is run at 74.01 ppm, the p/b
ratio is 0.1284, and the voltage is 156.89 V. Finally, the film thickness on the
bent aluminum parts will be 0.75005 mils when the fluoride is 65.827 ppm, the
p/b ratio is 0.1513, and the voltage is 159.117 V.
The above conclusions demonstrate that a variation in the optimal levels
depending on the shape and the metal type of the parts exists in this study. This
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suggests that Kodak should run individualized studies by metal type on any parts
that are run through the electrodeposition process at high volumes and adjust
the levels of the important factors accordingly before a new metal type enters the
process. The difference between the straight and the bent parts can be
attributed to the fact that horizontal settling occurs. Horizontal settling is a term
describing the fact that the paint tends to settle more thickly in horizontal regions.
This is a process parameter that can be accounted for in the design of the part or
the way the part is racked.
There is a conflict with the recommendations for the straight aluminum
parts. The optimal levels for the film thickness and the roughness are different.
In this situation, the levels for the more important response should be run.
The pigment to binder ratio was not considered a significant factor in the
experiments regarding the gloss as a response. Kodak currently uses the p/b
ratio as a control for the gloss. The reason p/b ratio did not show up as a
significant response could be attributed to the fact that the model was not a good
prediction to the response. It is recommended that the p/b ratio be included in
any future studies of the gloss to determine if it is really a good control of the
gloss response.
There is a lack of reliable test results in all of the experiments involving
the visual appearance and the gloss as a response and most of the ones
involving roughness. Limiting the range of the factors to the specification limits
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may have caused some of the problems with the reliability in these models.
When future experiments are conducted, it is recommended that the range of the
factors extend beyond the specification limits if the process will allow. This also
demonstrates that some important factors may not have been accounted for.
Some of the important factors that could not be implemented into this study
should be added into future designs if possible.
The response of visual appearance was extremely low in reliability
compared to the other responses. For future studies it is recommended that
quantitative responses be used whenever possible in order to avoid letting errors
in judgement alter results. Another option would be to use a psychometric
method for measuring the visual appearance of the parts. This is a method that
was developed through experimental psychology in order to quantify subjective
judgements by using more than one person's opinion and taking averages to get
more precise results.
Another issue that may have lowered the reliability in some of the models
is the fact that it is very difficult to take the readings of fluoride concentration and
p/b ratio. Any mistakes in these readings or variations in the time within each
run that these readings were taken could cause a discrepancy in the results.
Due to these considerations, it is recommended that fluoride concentration and
p/b ratio monitoring be implemented on the already installed process monitoring
system to help collect data as soon as the technology is available.
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Another possibility for analyzing a process with manufacturing constraints,
such as this one, is to use evolutionary operations, EVOP. This is basically a
method of slowly changing the process towards improving results. This is a
useful method in a manufacturing atmosphere due to the fact that there is no
increase in defective production. Unfortunately, this process takes a long time
and is limited to two factors.
Until further experimentation is possible, Kodak may find it beneficial to
run the process between the optimal levels for film thickness on the bent parts.
These results between the bent aluminum and the bent stainless steel were
reasonably close and most parts that are run through the process have
numerous bends to them.
Finally, none of the lamp-housing brackets failed. Therefore, none of the
factors studied have an affect on the consumer department's peeling problems.
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1 . Process flow chart of the automated paint line
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1 . Process Monitoring System
2. Block Diagram of the Main screen
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1 . Procedure for fluoride determination
2. Procedure for fluoride measurement
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7-StageWash System:




1 Add fresh filling solution (Bottle 90-00-01, small bottle with
spout) to electrode everyday
Press down on white cap of electrode to dispel old solution
Insert spout in hole on electrode
Fill up to the filling hole
2 When not using the fluoride electrode, store in 100 ppm
Fluoride solution for short periods
When storing for long periods: Drain, rinse with Dl water and
dry
Neverwipe electrode dry, especially the end sensing element,




100 ppm F- standard is purchased through VWR Scientific
10 ppm F- standard is prepared by pipetting 10 ml of the 100 ppm





Pipette 5 ml of the 10 ppm standard, the 100 ppm standard and
Stage III Iron Phosphate bath into separate 100 ml beakers
To each beaker, add 45 ml of 15% Sodium Acetate solution
apl07.doc Authorized By: Mk̂cujJLLa
Date: 9-/3-9 V
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Finishing Automatic Paint Line
Work Instructions -
Page 1 of 1
7-StageWash System: Fluoride Measurement
Stage m
Step Action
1 Turn on themeter,Model 290A, by pressing POWER
2 PressMODE until the CONCmode indicator is displayed
3 Place the probe into the 10 ppm sample prepared under




Stir the solutionwith a stir bar while takingmeasurements.
4 Press 2ND CAL.
After a few seconds, PI will appear, indicating themeter is
ready tomeasure the first standard sample.
5 When ready signal appears, press
A
or v scroll keys; the value
will flash.
Press the scroll key again; the decimal pointwill flash.
Position the decimal point by pressing A, then press YES.
The first digit now flashes, scroll to 0, then pressYES.
The second digit now flashes, scroll to 1, then pressYES.
The third digit will flash, scroll to 0, then pressYES.
The fourth digit will flash, scroll to 0, then press YES.
P2 will appear shortly on the screen.
6 Rinse the electrode and place in the 100 ppm standard sample.
Repeat Step 5, entering 100 as the value.
7 P3 will appear on the screen.
Press MEASURE.
The electrode slope is displayed. This should be in the range of
-54 to -60 millivolts (ifnot, start again and refer to the Orion
Model 96-09 Fluoride Electrode instructionmanual for help).
Themeter advances to the measure mode.
8 Rinse the electrode
Place in the Stage HI sample.
Press MEASURE.







Data for % Solids. % Pigment. P/B Ratio
Enter test result data in table for use in maintaining chemistry balance ofPowercron
#640 paint system.
SampleNumber:
A. Weight of sample + dish =
B. Weight of dish =
C. Weight of sample = (A - B) =
D. Weight of solids + dish =
E. Weight ofDish =
F. Weight of solids = (D - E) =
G. % of solids = [(F - C) x 100] =
H. Average % of solids =
I. Weight of ash + dish =
J. Weight of dish =
K. Weight of ash = (I - J) =
L. % of ash = [(K - C) x 100] =
M. Average % of ash =
N. Correction Factor =
O. % of pigment = (M x N)
P. % of solids =
Q. % ofpigment =
R. % of binder=(P-Q) =
















% ofTotal Sum Of #of DPU
Defects Scrapped Occnranees Code
Reason
46.23% 3,812 97 D124 Coating: Missing
28.49% 2,349 56 D125 Coating: Partial
6.56% 541 15 D170 Finish: Rough
6.02% 496 16 D269 Scratches/Digs
4.56% 376 12 D999 Other (Explain)
1.82% 150 1 D189 Hook Marks
1.43% 118 2 D169 Finish: Non-XTniform
1.16% 96 1 D172 Fisheyes
1.09% 90 16 D179 Goobers (PaintGlobs)
0.99% 82 2 D266 Rust/Corrosion
0.81% 67 1 D226 Overspray
0.38% 31 5 D210 Masking Problem
0.10% 8 1 D176 Form: Incorrect/Missing
0.10% 8 3 D168 Finish. Nicks
0.08% 7 3 D109 Bent/Dented Parts
0.07% 6 1 D126 Coating: Thickness
0.05% 4 1 D127 Collett/Guide BushingMarks
0.04% 3 1 Dill Blisters
0.01% 1 1 D283 Stains
Total # ofAll Defects: 8245
Defect Pareto (Top 10)
D124 D125 D170 D269 D999 D189 D169 D172 D179 D266
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Appendix E
1. Results of the DOE
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1 52 43 48 32 34 27
67 49 55 38 35 30
28 59 94 26 27 23
82 57 27 21 29
77 58 30 30 31
93 56 33 26 26
7 101 65 67 42 27 24
8 61 66 61 32 23 29









2.5 2.4 4.3 5.0
2.5 2.7 4.1 4.4
1.7 1.7 5.2 5.3
1.7 1.7 5.0 5.5
2.0 2.1 4.5 5.0
1.9 1.9 4.8 5.2
1.7 1.9 5.1 5.1
2.2 1.9 4.7 4.9
2.1 2.2 4.7 4.8
Fell Off Rack
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Gloss (deg) Thick, (mils) Visual i 1-5)





















3.3 3.4 4.5 4.4
3.5 3.2 4.5 4.5
3.0 2.8 4.5 4.1
3.1 3.1 4.9 4.2
2.1 1.8 5.2 5.8
3.0 2.7 5.1 4.1
3.3 3.2 5.1 4.5
3.0 3.1 4.6 4.7
3.0 3.1 5.2 5.2























2 39 29 32 0.68
3 31 147 33 0.60
4 46 27 28 0.63
5 44 47 61 0.67
6 44 33 29 0.63
7 40 44 34 0.83
8 54 32 43 0.72
9 37 35 38 0.86
10 90 36 43 0.80
Average 0.71
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Responses For Run A
Roughness (nineties)
1 106 84 84 91
2 88 66 81 78
3 82 86 77 82
4 123 90 76 96
5 100 99 52 84
6 98 62 63 74
7 84 74 80 79
8 66 84 63 71
9 82 70 70 74








































































































































;hes) Gloss (deg) Thick, (mils) Visual (1-5)





















4.2 4.1 4.8 4.6
4.7 4.8 5.1 4.7
3.3 3.7 5.6 5.8
4.1 4.4 4.4 4.7
4.4 4.5 4.7 4.6
3.8 3.7 6.2 6.0
3.5 3.7 7.1 5.5
3.9 4.2 6.4 5.7
3.9 4.1 5.5 5.3























2 26 35 0.64
3 34 35 0.66
4 25 41 0.63
5 29 29 0.63
6 2 35 0.62
7 40 38 0.60
8 30 32 0.6b
9 33 40 0.63




Gloss (deg) Thick, (mils) Visual (1-5)





















4.4 4.4 4.9 4.4
4.3 4.4 4.6 4.8
4.4 4.3 4.9 5.0
4.8 4.5 4.4 4.7
4.4 3.9 5.0 4.3
4.6 4.5 5.5 4.5
4.3 4.4 5.2 4.8
4.5 4.8 5.7 4.2
4.4 5.0 5.4 4.5























2 34 24 0.82
3 24 27 0.79
4 29 25 076
5 33 27 0.72
6 24 23 0./1
7 24 25 O./O
8 59 43 071
9 29 30 0.73
10 31 25 0./6
Average 07b
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Responses For Run B
Roughness (finches)
1 60 57 69 62
2 41 47 53 47
3 39 35 44 39
4 47 35 39 40
5 38 37 43 39
6 43 51 60 51
7 44 45 35 41
8 42 60 42 48




















































1 35 72 51 53
2 53 75 86 71
3 35 38 35 36
4 32 29 42 34
5 45 34 34 38
6 35 43 37 38
7 31 31 40 34
8 39 36 33 36
9 37 41 45 41
















































Responses For Run C
Roughness (pinches)
1 30 28 34 31 23 22
2 38 57 66 24 27 23








4 33 30 57 24 20 24
5 107 36 44 23 21 22
6 26 40 31 23 24 22










4.3 3.9 4.8 5.0
3.7 3.3 5.4 4.8
2.9 3.1 6.3 5.3
3.4 3.9 6.2 5.3
3.0 3.5 7.5 5.0
3.8 3.6 7.0 5.3













































23 23 20 21
43 29 25 23

















5.3 5.1 6.2 5.9
4.0 4.2 4.6 5.0

























Responses For Run C
Bent Aluminum
Roughness (pinches) Gloss (deg) Thick, (mils) Visual (1-5)
1 44 36 34 38 2.8 2.9 2.9 0.57 5
2 35 36 41 37 2.9 2.8 2.9 0.56 5
3 34 28 48 37 2.6 2.8 2.7 0.56 5
4 53 38 36 42 2.7 2.8 2.8 0.56 4
5 35 33 46 38 2.3 2.8 2.6 0.56 3
6 54 35 30 40 2.6 2.6 2.6 0.53 4
7 49 64 36 50 2.1 2.7 2.4 0.57 2
8 55 41 36 44 2.4 2.7 2.6 0.54 3
9 40 32 35 36 2.8 3.1 3.0 0.54 4
10 36 42 35 38 2.7 2.5 2.6 0.66 3
Average 40 2.7 0.57 3.8
Bent Steel
Roughness (pinches) Gloss (deg) Thick, (mils) Visual (1-5)
1 44 33 35 37 2.5 2.4 2.5 0.63 3
2 32 54 29 38 1.7 2.0 1.9 0.69 2
3 39 39 49 42 2.1 1.9 2.0 0.72 2
4 27 33 28 29 3.2 3.2 3.2 0.62 5
5 34 28 26 29 2.8 2.8 2.8 0.60 4
6 33 31 25 30 2.9 2.6 2.8 0.62 4
7 56 29 42 42 2.6 2.5 2.6 0.65 4
8 34 32 30 32 3.2 2.7 3.0 0.60 4
9 33 41 32 35 2.8 2.4 2.6 0.60 3
10 Fell Off Rack Fell Off
Average 35 2.6 0.64 3.4
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finches) Gloss (deg) Thick, (mils) Visual (1-5)





















2.9 2.6 4.9 4.7
2.6 2.8 4.5 4.2
2.6 2.7 4.8 5.0
2.5 2.4 5.3 4.8
2.7 2.3 5.2 5.2
2.6 2.3 6.1 5.2
2.8 2.8 5.2 5.3
2.6 3.1 5.4 6.0
2.3 2.3 6.0 6.4




















9 84 0.88 2




Gloss (deg) Thick, (mils) Visual [1-5)





















4.6 4.3 5.4 4.8
3.7 3.5 5.4 5.8
3.7 3.5 5.4 5.9
3.0 3.1 6.2 6.5
4.3 3.7 3.8 3.7
4.0 3.7 6.1 6.2
4.1 3.9 6.2 6.0
4.0 4.0 6.3 6.6
4.3 4.1 5.6 5.9













2 27 0.90 3
3 32 0.86 3
4 96 0.89 4
5 32 0.60 3
6 63 0.93 3
7 39 1.02 3
8 36 0.91 3
9 32 0.90 3
10 31 0.92 3
Average 0.89 3.2
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Responses For Run D
Roughness (
Bent Aluminum
finches) Gloss (deg) Thick, (mils) Visual (1-5)











































2 85 82 66 0.83
3 85 83 86 0.90
4 71 75 52 0.83
5 49 55 77 0.89
6 87 64 81 1.01
7 37 57 56 0.80
8 67 39 78 1.02
9 96 165 88 0.96




finches) Gloss (deg) Thick, (mils) Visual [1-5)











































2 48 62 48 0.85
3 45 63 41 1.02
4 44 64 43 0.98
5 44 35 33 0.85
6 43 71 57 1.08
7 48 39 38 0.91
8 78 57 56 1.07
9 61 72 55 1.00
10 49 61 59 0.91
Average 0.96
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ss (pinches) Gloss (deg) Thick, (mils) Visual (1-5)





















4.5 4.5 1 Side
3.5 3.5 1 Side
3.5 3.3 4.5 4.3
3.6 3.4 4.5 4.2
2.7 2.7 5.2 5.1
2.4 27 5.3 5.7
2.1 2.3 5.6 5.7
2.3 2.4 5.6 5.8
2.5 27 5.1 4.8























2 48 72 0.67
3 61 40 0.76
4 37 35 0.67
5 47 58 0.71
6 43 80 0.71
7 41 74 0.91
8 90 51 0.79
9 60 51 076




Gloss (deg) Thick, (mils) Visual (1-5)




















4.5 4.5 5.0 4.6
4.2 4.5 4.6 4.5
4.3 4.6 4.5 5.1
4.3 4.5 4.4 4.6
4.1 4.5 4.5 4.6
3.9 4.2 4.7 4.8
4.0 4.3 5.0 5.0
4.5 4.5 4.8 4.6






















2 28 27 0.71
3 30 42 0.69
4 46 36 0.70
5 35 31 0.68
6 46 33 0.70
7 29 34 0.72
8 30 33 0.71






























































































1 51 56 64 57
2 78 44 55 59
3 53 108 66 76
4 67 63 59 63
5 86 45 37 56
6 36 60 78 58
7 68 42 68 59
8 37 46 77 53
9 76 84 53 71















































































39 35 47 50

















Gloss (deg) Thick, (mils) Visual |




















3.9 3.7 3.5 3.6 0.82
3.8 4.1 3.8 3.6 0.84
4.2 4.4 3.4 3.7 0.85
4.0 4.0 3.6 3.7 0.87
3.7 4.0 3.0 3.1 0.82
3.3 3.7 2.8 2.8 0.41
3.8 4.1 3.3 3.4 071
3.0 3.2 5.1 5.3 1.01
Fell Off Rack -
0.81
Roughness (pinches)
1 Fell Off Rack
~
2 Fell Off Rack
3 27 31 34 38 28
4 29 30 33 33 34
5 33 36 63 37 26
6 48 38 34 32 28
7 21 35 38 30 37
8 31 35 30 31 31
9 23 30 30 34 32















4.2 4.4 4.3 4.4
3.9 4.1 4.5 4.7
4.8 5.0 3.9 4.0
4.5 4.5 4.1 4.1
4.8 5.0 4.0 4.0
5.0 47 4.3 4.4
4.9 5.0 4.2 4.3


































































































1 49 57 63 56
2 66 47 51 55
3 38 36 46 40
4 44 49 45 46
5 78 43 41 54
6 42 33 72 49
7 54 58 66 59
8 43 56 43 4/
9 50 63 61 58

















































Responses For Run G
Straight Aluminum
Roughness (pinches)
1 58 52 45 31 35 38
2 59 43 61 42 53 49
3 97 47 52 44 57 43
4 55 82 57 42 36 41
5 40 38 51 37 38 43
6 52 74 47 25 38 30
7 43 51 40 44 53 62
8 35 45 39 32 30 49
9 46 80 48 33 38 41




























































1 57 41 37 26 25
2 30 40 41 24 25
3 50 39 41 25 25
4 52 47 25 19 25
5 41 39 24 24 27
6 49 31 29 23 22
7 30 28 30 31 25
8 27 29 31 30 24
9 45 30 35 26 27















3.3 3.4 4.2 4.2
3.1 3.1 4.3 4.3
3.1 3.1 3.9 4.1
3.2 3.0 3.9 4.2
3.4 3.5 3.8 3.9
3.5 3.5 4.1 4.2
3.7 3.8 3.7 3.7
3.2 3.3 4.3 3.9
3.8 3.5 5.0 4.7
4.2 4.0 4.4 4.1


































Responses For Run G
Bent Aluminum
Roughness ( finches) Gloss (deg) Thick, (mils) Visual (1-5)







22 66 58 82 0.68







24 77 78 75 072
5 73 60 58 64 1.5 1.7 1.6 0.62 2







17 77 86 55 0.64
8 56 60 77 64 1.4 1.6 1.5 0.61 1
9 64 84 89 79 1.4 1.4 1.4 0.64 2







Roughness (pinches) Gloss (deg) Thick, (mils) Visual (1-5)
1 39 36 45 40 2.7 2.4 2.6 0.71 3
2 36 51 35 41 1.7 1.9 1.8 0.74 3
3 69 52 40 54 1.9 1.9 1.9 0.79 2
4 69 40 41 50 1.8 1.8 1.8 0.64 3
5 39 41 50 43 1.9 1.8 1.9 0.67 3
6 44 39 46 43 1.7 1.7 1.7 0.68 3
7 45 36 80 54 1.6 1.5 1.6 0.72 4







39 41 50 58 0.73
10 33 34 37 35 2.5 2.6 2.6 0.68 4
Average 45 1.9 070 3.0
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Responses For Run H
Roughness (





3 41 44 25
4 45 44 40 23
5 62 56 55 24
6 37 81 47 34
7 34 29 32 36
8 No-Coat
9 34 32 42 29























2.5 2.5 5.0 5.4
2.6 2.6 6.1 5.2
2.3 2.5 5.9 5.3
2.7 2.8 5.6 5.6
2.3 2.4 6.1 5.5
2.8 2.7 5.2 5.5
4.0 3.6 3.5 3.5
No-Coat
3.9 4.0 3.9 4.0
3.7 3.5 3.6 3.7






















































































3.0 3.2 5.1 5.1
3.2 3.3 5.6 5.5
3.3 3.5 6.1 6.1
3.8 3.8 3.7 3.9
3.7 3.8 3.8 3.8
3.5 3.9 3.6 3.9
3.7 3.8 3.6 3.7
4.2 4.4 3.7 3.9
4.0 4.0 4.0 4.1
4.1 4.2 4.3 4.3


































Responses For Run H
Roughness (pinches)
1 66 80 66 71
2 62 67 60 63
3 56 68 72 65
4 63 61 53 59
5 45 49 58 51
6 70 56 47 58
7 81 51 52 61
8 47 63 74 61
9 63 58 63 61
10 59 82 71 71
Average 62
Roughness (pinches)
1 36 52 45 44
2 39 56 73 56
3 53 43 60 52
4 58 47 52 52
5 58 64 51 58
6 58 70 84 71
7 60 63 66 63
8 59 47 88 65
9 34 49 45 43
10 43 53 56 51
Average 55
Bent Aluminum




























































































pinches) Gloss (deg) Thick, (mils) Visual (1-5)





















4.4 4.1 2.8 2.9
2.9 3.0 3.9 4.3
2.6 2.8 4.6 4.8
2.6 2.7 4.2 4.3
3.3 3.3 3.4 3.5
3.5 3.6 3.3 3.2
2.6 2.8 4.0 4.4
3.0 3.1 3.9 4.4
27 2.3 3.6 4.2























2 40 48 0.69
3 64 50 0.70
4 59 51 071
5 30 75 0.63
6 31 29 0.63
7 40 53 0.69
8 32 33 0.72
9 54 43 0.75




Gloss (deg) Thick, (mils) Visual (1-5)





















3.2 3.4 5.4 5.3
3.5 3.6 5.2 5.3
3.5 3.8 5.0 5.2
3.1 3.2 6.0 6.4
37 3.7 4.9 5.0
4.2 4.4 4.4 4.6
4.2 4.3 4.7 4.7
4.0 4.2 3.9 4.2
5.0 4.9 3.8 3.8























2 38 27 0.77
3 28 29 0.81
4 34 38 0.86
5 30 29 0.88
6 33 26 0.90
7 26 27 0.86
8 25 24 0.77
9 24 25 07/
10 23 27 0.83
Average 0.82
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Responses For Run I
Roughness (
Bent Aluminum
finches) Gloss (deg) Thick, (mils) Visual (1-5)








































2 85 76 59 0.83
3 72 79 98 0.96
4 74 68 104 0.79
5 60 62 60 0.77
6 67 56 74 0.73
7 72 83 70 0.81
8 46 62 78 0.82
9 Stuck to #10




pinches) Gloss (deg) Thick, (mils) Visual (1-5)









































3 67 97 53 0.88
4 107 64 56 0.99
5 54 52 40 0.85
6 41 31 34 0.82
7 81 47 75 0.83
8 86 74 66 0.77
9 89 56 77 0.90
10 98 69 48 0.81
Average 0.85
95





1 40 44 38 33
2 45 36 44 40 46 35
3 30 29 31 48 42 47
4 42 37 34 51 50 47
5 30 28 36 52 44 37
6 35 30 32 66 71 41
7 44 30 29 52 39 50
8 35 34 34 43 59 40
9 34 30 33 61 50 50





























































1 22 22 25 31 24
2 25 29 25 30 28
3 22 27 26 32 37
4 26 33 31 23 19
5 24 25 30 36 24
6 19 25 26 27 33
7 21 29 22 31 29
8 20 18 22 26 28
9 20 24 22 26 40















5.0 4.5 4.3 4.2
4.9 4.3 4.0 4.3
4.9 4.6 4.1 4.2
4.0 3.5 5.4 5.6
5.0 4.5 4.3 4.5
5.3 4.3 4.2 4.1
5.1 4.6 4.2 4.0
5.3 5.2 3.9 4.0
5.8 5.5 3.4 3.5









































































































Roughness ( finches) Gloss (deg)
1 30 31 31 31 2.8 2.8 2.8
2 46 36 33 38 2.4 2.5 2.5
3 95 60 35 63 2.1 2.4 2.3
4 35 40 35 37 2.7 2.6 2.7
5 35 34 39 36 2.6 2.8 2.7
6 38 29 39 35 2.6 2.7 2.7
7 36 34 38 36 2.6 2.5 2.6
8 47 28 54 43 2.8 2.5 2.7
9 37 34 52 41 2.3 2.5 2.4
10 38 35 39 37 2.9 2.9 2.9
Average 40 2.6
















































































2.9 2.8 4.1 4.2
2.3 2.5 4.5 4.8
2.3 2.5 4.6 4.8
3.1 3.4 3.7 3.6
3.2 3.1 3.7 3.9
2.6 2.5 4.1 4.4





















































35 33 24 27
18 32 25 26
25 24 27 27
27 30 26 27
23 25 24 25
39 34 24 29
26 38 21 26
35 27 33 28
18 28 20 26


























































Responses For Run K
Bent Aluminum
Roughness (pinches) Gloss (deg) Thick, (mils) Visual (1-5)
1 67 56 75 66 1.3 1.5 1.4 0.78 3
2 61 60 53 58 1.6 1.8 1.7 0.71 2







44 51 88 88 0.80
5 79 103 56 79 1.3 1.4 1.4 0.73 4
6 81 54 87 74 1.4 1.4 1.4 070 4
7 80 94 86 87 1.2 1.2 1.2 0.78 4
8 97 142 72 104 1.3 1.4 1.4 0.77 3
9 85 106 80 90 1.3 1.2 1.3 0.83 2
10 86 86 58 77 1.3 1.2 1.3 0.75 4
Average 80 1.4 0.76 3.4
Bent Steel
Roughness ( ^inches) Gloss (deg) Thick, (mils) Visual i 1-5)
1 35 64 40 46 2.0 2.0 2.0 0.82 4
2 45 41 46 44 2.1 2.0 2.1 0.79 3
3 43 60 37 47 1.8 1.9 1.9 0.81 3
4 74 68 88 77 1.7 1.9 1.8 076 3
5 54 46 56 52 1.9 2.1 2.0 076 3
6 47 35 42 41 2.1 2.2 2.2 073 3
7 38 38 39 38 2.0 2.1 2.1 0.72 3
8 37 49 50 45 2.0 1.8 1.9 0.77 3
9 51 49 37 46 1.9 1.9 1.9 0.76 3
10 55 39 39 44 2.0 2.0 2.0 077 3
Average 48 2.0 077 3.1
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Appendix F
1 . Analysis of the DOE
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Regression Analysis for the Roughness of Straight Steel Parts
Y-hat Model






A fluoride 1.57202 0.2513 0.865 X
B p/b ratio 1.07973 0.3613 0.958 X
C voltage -2.52741 0.1239 0.909 X
AB 0.38180 0.7538 0.872 X
AC 0.75188 0.6427 0.675 X
BC 1.66146 0.2584 0.911 X





















Factor Name Low High Exper
A fluoride 50 150 50
B p/b ratio 0.12 0.17 0.12




Regression Analysis for Film Thickness of Straight Steel Parts
Y-hat Model





A fluoride 0.01788 0.1304 0.865 X
B p/b ratio 0.03723 0.0177 0.958 X
C voltage 0.02460 0.0769 0.909 X
AB 0.01505 0.1806 0.872 X
AC 0.05008 0.0218 0.675 X
BC 0.09644 0.0019 0.911 X





















Factor Name Low High Exper
A fluoride 50 150 117.2931
B p/b ratio 0.12 0.17 0.132007




Interaction plot for Film Thickness of Straight Steel Parts
Interaction Plot of p/b ratio vs voltage






Interaction plot for Film Thickness of Straight Steel Parts
Interaction Plot of fluoride vs voltage
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Regression Analysis for Gloss of Straight Steel Parts
Y-hat Model




Factor Name Low High Exper
Const 4.42121 0.0000
A fluoride -0.06334 0.5860 0.865 X A fluoride 50 150 bU
B p/b ratio -0.13384 0.2510 0.958 X B p/b ratio 0.12 0.17 0.1/
C voltage 0.21623 0.1485 0.909 X C voltage 120 180 120
AB 0.27141 0.0803 0.872 X
AC -0.11881 0.4506 0.675 X Prediction
BC -0.04007 0.7445 0.911 X






















Regression Analysis for Visual Appearance of Straight Steel Parts
Y-hat Model




Factor Name Low High Exper
Const 3.74298 0.0000
A fluoride -0.25271 0.1562 0.865 X A fluoride 50 150 50
B p/b ratio 0.34046 0.0678 0.958 X B p/b ratio 0.12 0.17 0.17
C voltage 0.48481 0.0436 0.909 X CJ voltage 120 180 180
AB 0.10237 0.5018 0.872 X
AC -0.14020 0.4861 0.675 X Prediction
BC 0.01912 0.9031 0.911 X






















Regression Analysis for Roughness of StraightAluminum Parts
Y-hat Model
Factor Name Coeff P(2 Tail) O Factor Name Low High Exper
Const 41.107 0.0000
A fluoride 0.64071 0.3910 0.865 X A fluoride 50 150 loU
B p/b ratio 2.26467 0.0299 0.958 X B p/b ratio 0.12 0.17 0.12
C voltage -5.27182 0.0046 0.909 X c voltage 120 180 18U
AB 1.35863 0.1246 0.872 X
AC 1.36738 0.2040 0.675 X Prediction
BC 1.73736 0.0863 0.911 X






















Regression Analysis for Film Thickness of Straight Aluminum Parts
Y-hat Model
Factor Name Coeff P(2 Tail) o Factor Name Low High Exper
Const 0.71816 0.0000
A fluoride 0.03326 0.0549 0.865 X A fluoride 50 150 113.0519
B p/b ratio 0.01399 0.2502 0.958 X B p/b ratio 0.12 0.17 0.142452
C voltage -0.02336 0.1389 0.909 X C voltage 120 180 1217199
AB 0.04045 0.0339 0.872 X
AC 0.00912 0.5694 0.675 X Prediction
BC 0.06437 0.0118 0.911 X




















Interaction plot for Film Thickness of Straight Aluminum Parts
Interaction Plot of fluoride vs p/b ratio
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Interaction plot for Film Thickness of Straight Aluminum Parts
Interaction Plot of p/b ratio vs voltage
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Regression Analysis for Gloss of Straight Aluminum Parts
Y-hat Model





Factor Name Low High Exper
Const 3.83040 0.0000
A fluoride 0.13498 0.3208 0.865 X A fluoride 50 150 50
B p/b ratio -0.30032 0.0618 0.958 X B p/b ratio 0.12 0.17 0.1/
c voltage 0.29603 0.0939 0.909 X C voltage 120 180 120
AB 0.24713 0.1187 0.872 X
AC -0.15036 0.3901 0.675 X Prediction
BC -0.19610 0.2078 0.911 X




















Regression Analysis for Visual Appearance of Straight Aluminum Parts
Y-hat Model
Factor Name Coeff P(2 Tail) O Factor Name Low High Exper
Const 2.76065 0.0019
A fluoride 0.56402 0.2039 0.865 X A fluoride 50 150 u>u
B p/b ratio 0.41543 0.2797 0.958 X B p/b ratio 0.12 0.17 0.17
C voltage 0.54876 0.2387 0.909 X C voltage 120 180 180
AB 0.08515 0.8230 0.872 X
AC -0.35214 0.4992 0.675 X Prediction
BC 0.19893 0.6328 0.911 X




















Regression Analysis for Roughness of Bent Steel Parts
Y-hat Model





A fluoride 3.38110 0.3486 0.865 X
B p/b ratio 3.58557 0.2853 0.958 X
C voltage -4.63145 0.2522 0.909 X
AB -3.93179 0.2886 0.872 X
AC -8.03155 0.1398 0.675 X
BC 7.93900 0.0945 0.911 X





















Factor Name Low High Exper
A fluoride 50 150 50
B p/b ratio 0.12 0.17 0.12




Regression Analysis for Film Thickness of Bent Steel Parts
Y-hat Model




Factor Name Low High Exper
Const 0.80065 0.0000
A fluoride 0.02632 0.0996 0.865 X A fluoride 50 150 74.01096
B p/b ratio 0.02810 0.0691 0.958 X B p/b ratio 0.12 0.17 0.128439
C voltage -0.01068 0.4385 0.909 X C voltage 120 180 156.88ofc>
AB 0.01804 0.2051 0.872 X
AC 0.01952 0.2768 0.675 X Prediction
BC 0.09702 0.0040 0.911 X























Interaction plot for Film Thickness of Bent Steel Parts
Interaction Plot of p/b ratio vs voltage
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Regression Analysis for Gloss of Bent Steel Parts
Y-hat Model




Factor Name Low High Exper
Const 2.13167 0.0003
A fluoride -0.11462 0.4787 0.865 X A fluoride 50 150 150
B p/b ratio -0.00298 0.9830 0.958 X B p/b ratio 0.12 0.17 0.12
C voltage 0.27145 0.1731 0.909 X C voltage 120 180 120
AB 0.19510 0.2640 0.872 X
AC 0.10595 0.6112 0.675 X Prediction
BC -0.12013 0.4896 0.911 X




















Regression Analysis for Visual Appearance of Bent Steel Parts
Y-hatModel





A fluoride 0.10647 0.7872 0.865 X
B p/b ratio -0.18196 0.6167 0.958 X
C voltage 0.51440 0.2763 0.909 X
AB -0.03645 0.9261 0.872 X
AC 0.30511 0.5671 0.675 X
BC 0.18298 0.6699 0.911 X





















Factor Name Low High Exper
A fluoride 50 150 150
B p/b ratio 0.12 0.17 0.17




Regression Analysis for Roughness of Bent Aluminum Parts
Y-hat Model






A fluoride 1.74536 0.7456 0.865 X
B p/b ratio 6.26942 0.2534 0.958 X
C voltage -5.26619 0.3912 U.909 X
AB -2.64789 0.6277 0.872 X
AC 6.31317 0.4013 0.675 X
BC 13.218 0.0876 0.911 X





















Factor Name Low High Exper
A fluoride 50 150 50
B p/b ratio 0.12 0.17 0.12




Regression Analysis for Film Thickness of BentAluminum Parts
Y-hat Model




Factor Name Low High Exper
Const 0.75793 0.0000
A fluoride 0.03599 0.0476 0.865 X A fluoride 50 150 65.82/08
B p/b ratio 0.05425 0.0124 0.958 X B p/b ratio 0.12 0.1 7 0.151254
C voltage 0.00881 0.5126 0.909 X C voltage 120 180 1b9.11/1
AB 0.02722 0.0916 0.872 X
AC 0.03501 0.0963 0.675 X Prediction
BC 0.13302 0.0015 0.911 X






















Interaction plot for Film Thickness of Bent Aluminum Parts
Interaction Plot of p/b ratio vs voltage
Constants: fluoride = 100
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